The Global Aerosol Climatology Project data product based on analyses of channel 1 and 2 AVHRR radiances shows significant regional changes in the retrieved optical thickness of tropospheric aerosols which had occurred between the volcano-free periods 1988-91 and 2002-05. These trends appear to be generally plausible, are consistent with extensive sets of long-term ground-based observations throughout the world, and may increase the trustworthiness of the recently identified downward trend in the global tropospheric aerosol load. 
Introduction
Tropospheric aerosols are commonly believed to cause a significant forcing of climate via the direct and indirect radiative effects [1, 2] . However, the magnitude and potential variability of this forcing remain poorly constrained because of inadequate quantitative knowledge of global aerosol characteristics and their temporal changes ( [3] [4] [5] [6] and references therein). A number of active and passive satellite instruments have been used to retrieve global distributions of tropospheric aerosol properties [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . While the newer instruments can be expected to provide more accurate aerosol retrievals, the older instruments, especially the Advanced Very High Resolution Radiometer (AVHRR) and the Total Ozone Mapping Spectrometer (TOMS), provide multidecadal information and can be used to assess potential long-term trends [18] .
In a recent paper [19] , we analyzed the Global Aerosol Climatology Project (GACP) dataset, which is based on AVHRR channel 1 and 2 radiances [8, [20] [21] [22] [23] [24] , and identified a likely decrease of the global optical thickness of tropospheric aerosols by as much as 0.03 during the period 1991-2005. This potential trend mirrors the concurrent global increase in solar radiation fluxes at Earth's surface ([25-29] and references therein) and may have contributed to recent changes in surface temperature [30] .
The objective of this companion paper is to evaluate the potential of long-term satellite remote sensing to reveal regional trends in the aerosol optical thickness (AOT) and size. A scrutiny of whether the derived trends are plausible or unrealistic can provide a valuable quality check on the GACP aerosol record. Indeed, the accuracy of GACP retrievals is constrained by potential calibration uncertainties, which makes it rather difficult to identify weak long-term trends in the global aerosol load. However, long-term regional trends can be expected to be substantially stronger than those in the globally averaged AOT and thus should be easier to detect and quantify.
Consistent with this objective, we describe the most recent improvements made in the GACP retrieval algorithm, revisit the GACP record of the globally averaged AOT and Ångström exponent, and identify and discuss regional changes in the AOT and Ångström exponent that may have occurred between the three-year periods 1988-91 and 2002-05.
GACP retrieval algorithm
The GACP aerosol record [24] is derived from the International Satellite Cloud Climatology Project (ISCCP) DX radiance dataset composed of calibrated and sampled AVHRR radiances The GACP algorithm yields the AOT and the Ångström exponent A for each cloud-free ISCCP pixel by minimizing the difference between two AVHRR radiances measured in the 0.65-and 0.85-μm channels at the specific illumination and observation angles determined by the satellite orbit, on the one hand, and the radiances computed theoretically for a realistic atmosphere-ocean model, on the other hand. The Ångström exponent is defined as
where
is the nominal wavelength of the AVHRR channel 1 and ext C is the ensemble-averaged extinction cross section per particle. The GACP aerosol product consists of the AOT reported at μ m 55 . 0 = λ and the constrained Ångström exponent [20] . It is limited to areas over large water bodies such as oceans, seas, and lakes, in which case the surface reflectance is often low and can be characterized with sufficient accuracy.
With only two radiance values per pixel available, the GACP retrieval algorithm cannot be expected to yield any additional parameters besides AOT and A and thus must rely on a number of assumptions which fix all other atmosphere and surface parameters globally and permanently. In particular, GACP retrievals are based on the assumption that aerosol particles are perfect spheres with a wavelength-independent refractive index 1.5 + i0.003 and obey the following monomodal modified power law size distribution [8] : . For a complete description of the assumptions used in the algorithm and the cloud screening procedure we refer to [8, [20] [21] [22] [23] .
The two most recent modifications of the GACP retrieval algorithm have been as follows. First, we have extended the range of AOT values in the GACP look-up tables to 2.0 in order to account for rather frequent occurrences of large AOTs during dust and anthropogenic pollution outbreaks. Second, we have corrected for the effect of the slight Earth orbit eccentricity on the AVHRR radiances. The combined result of these modifications will be illustrated in the following section.
The GACP retrieval approach outlined above is consistent with the goal of minimizing long-term statistical errors in the global aerosol parameters derived by the algorithm. As such, it cannot preclude regional biases in areas dominated by aerosol types significantly different from the global model assumptions, for example, nonspherical dust and soot aerosols [21, 39, 40] . However, our present objective is to study long-term changes in the retrieved aerosol characteristics, and so we expect that the main conclusions drawn will hold despite potential systematic biases in the retrieved parameters. The two major AOT maxima in Fig. 1 are caused by the stratospheric aerosols generated by the El Chichon (March 1982) and Mt Pinatubo (June 1991) eruptions, whereas the quasiperiodic oscillations in the GACP curves are the result of inter-annual aerosol variability. One can identify specific discrepancies between the old and the new GACP results such as increased Northern-Hemisphere AOT values at the beginning of the El Chichon eruption. However, the average differences appear to be relatively small and rather insignificant.
Global averages
The overall behavior of the GACP AOT during the quiescent period from January 1986 to June 1991 hardly reveals any statistically significant tendency. Namely, a linear model of the form y = Ax + B fitted to the clear pre-Pinatubo period of data suggests that the global column AOT value just before the eruption was close to 0.144 according to the old retrieval algorithm and close to 0.145 according to the new algorithm. After the eruption, the GACP curves reveal complex tropospheric and stratospheric AOT temporal variations as well as a clear long-term decreasing trend in the tropospheric AOT [19] . To analyse the changes during this period, we calculated a linear fit of the form y = Cx + D using data from January 1996 to June 2005 such that its extrapolation back to June 1991 gave us the previously found clear-period AOT value. This two-step procedure allowed us to exclude from the tendency analysis the period affected by the Pinatubo eruption. As a result, we found that the residual decrease in the global tropospheric AOT during the 14-year period from June 1991 to June 2005 was close to 0.036 according to the old retrieval algorithm and close to 0.033 (~0.0024 per year) according to the new algorithm. For both fits, the corresponding chi-square values indicate that the fitted parameters are reliable at a very high confidence levels of over 99%.
Although there have been significant drifts in the equator crossing times for the individual AVHRR instruments [33, 34] , Fig. 1 shows no obvious artifacts potentially attributable to the drifts. The only exception is the end of the NOAA-14 record when two factors caused the retrievals to be unreliable. First, the use of the pre-launch calibration of channel 2 radiances coupled with the likely strong degradation of the channel 2 sensitivity resulted in the spurious increase of the Ångström exponent. Second, the strong drift of the NOAA-14 orbit resulted in a partial loss of data and in a loss of coverage for much of the Southern Hemisphere, thereby causing a bias in the global and Southern-Hemisphere averages. Overall, however, the GACP AOT record appears to be self-consistent, with no drastic intra-satellite variations, and is obviously consistent with the SAGE record. This seems to testify to the robustness of the ISCCP channel-1 radiance calibration and the GACP retrieval algorithm. This conclusion is reinforced by the close correspondence of the calculated and observed top-of-the-atmosphere solar fluxes [41] . Furthermore, GACP AOT retrievals have been successfully validated against precise sun-photometer data taken from 1983 through 2004 by employing a special procedure which, by design, tested the entire retrieval process as well as the radiance calibration [42, 43] .
According to Fig. 1 , the Ångström exponent appears to have decreased by about 0.3 over the duration of the GACP record. However, the retrieval accuracy for A is expected to be worse than that for τ because the central wavelengths of AVHRR channels l and 2 are rather close [8] . In addition, the Ångström exponent retrieval often "saturates" by yielding (2) [20]. Such retrievals are not included in the computation of monthly averages, which reduces the number of useful data points and the accuracy of the final result. Furthermore, the accuracy with which A is retrieved depends on the relative calibration of channel-1 and -2 radiances. Since we use the ISCCP calibration of channel-1 radiances and the NOAA calibration of channel-2 radiances, additional studies may be necessary before the decreasing Ångström exponent trend is accepted as a definitive result (cf. [18, 22] ).
Regional aerosol trends
The visualization of potential long-term regional aerosol trends is not as straightforward as that of the global averages because of the much larger amount of data to be displayed. The approach adopted for this study has been to plot three-year averages computed for two quiescent, volcano-free periods: the one preceding the Mt Pinatubo eruption and the one covering the most recent period of the GACP record. The results computed for the cumulative annual °×°1 1 averages and for four seasonal °×°1 1 averages are depicted in Figs. 
2-7.
The accuracy and reliability of each °×°1 1 average in Figs. 2-7 depends on the number of daily values contributing to the average. In addition, given the range of natural aerosol variability, the values for individual pixels may have been affected by local events such as fires, dust storms, and changes in atmospheric circulation and local conditions. To reveal the cause of the changes in a particular small area and to decide whether they are realistic or not would require a tedious case-by-case pixel-level analysis, which is far beyond the scope of this paper. We, therefore, chose not to segregate the reported °×°1 1 averages based on the corresponding numbers of contributing daily values. Instead we concentrate on global and large-scale regional changes that these figures reveal. One should, nonetheless, bear in mind that aerosol retrievals in the narrow coastal zones may often pose a problem and may result in spurious features caused by a statistically insufficient number of daily retrievals used to compute an average value. A potential manifestation of this boundary effect may be seen along the western coast of Portugal in Fig. 2(c) , thereby indicating that some of the coastal results in Figs. 2-7 may require critical re-evaluation.
The bottom panels in Figs. 2-6 demonstrate pronounced regional AOT changes that appear to have occurred between the late 1980s-early 1990s and the early 2000s. Although there is a significant seasonal variability in these changes, the most obvious regional AOT trends can be summarized as follows: • a noticeable increase along the part of the western coast of Africa most affected by biomass burning events; however, this trend appears to have strong seasonality and is even replaced by a decreasing tendency during the autumn; • a significant increase along the southern and south-east coasts of Asia, especially for the summer months; and • a significant increase over the 45°S-60°S latitudinal belt.
These regional trends appear to be superposed on a fairly uniform global decrease of AOT causing the downward trend in the global and hemispheric AOT averages in Fig. 1 . Figure 7 (c) also reveals noticeable regional changes in the Ångström exponent:
• a significant decrease over the areas of the Atlantic Ocean affected by the African dust and biomass burning aerosols;
• a substantial decrease over the Northern and Central Indian Ocean;
• a significant decrease over the equatorial part of the Pacific Ocean; and
• a noticeable increase over the 15°S-45°S latitudinal belt.
Discussion
Not being experts in the subject area of aerosol production, processing, and transport, we may not be able to explain or evaluate the plausibility of all the features of the aerosol global distribution and its seasonal and decadal variability supposedly revealed by Figs. 2-7 . In this respect, Figs. 2-7 are intended to inform the aerosol community at large of new and potentially important information worthy of a detailed critical analysis. The purpose of the following discussion is to provide a limited assessment consistent with our own knowledge and understanding. The strong AOT decrease over the large Atlantic Ocean area between the equator and 30°N appears to indicate a reduced productivity of the African sources of dust aerosols. This finding is perfectly consistent with the results of [44, 45] indicating that the amount of rain and vegetation in the Sahel has increased significantly since the late 1980s. An alternative or an additional explanation may be that the dust particles have become larger and, as a result, spend less time in the atmosphere. The latter explanation would be consistent with the concurrent decrease of the Ångström exponent in this area, Fig. 7(c) . An interesting feature of Figs. 3-6 is that the overall seasonal morphology of the dust plume has hardly changed despite the significant decrease in the total amount of dust.
The overall AOT increase along the western coast of Africa from the equator to about 20°S may be explained by intensified biomass burning. We have mentioned, however, that this overall increasing trend appears to be replaced by a decreasing trend during the autumn months, as Fig. 6(c) indicates. The significant inter-annual variability of the AOT in this region perfectly correlates with expected changes in the number and extent of fires during the local dry and rainy seasons.
The noticeable AOT increase along the southern and south-east coasts of Asia can be the expected result of rapidly growing regional economies coupled with the widespread use of technologies that are not environmentally clean [46] [47] [48] .
The elevated amounts of aerosols throughout the 40°S-60°S latitudinal belt, Figs. 2(a) and 2(b), correlate almost perfectly with the Special Sensor Microwave/Imager (SSM/I) [49] surface wind speed data, Figs. 8(a) and 8(b) . It is well known that increasing wind speed can lead to increased sea-salt aerosol production [50] as well as cause increased ocean surface reflectivity by both making the ocean surface more rough and generating more white caps. Since the GACP retrieval algorithm is based on a constant wind speed value and a constant diffuse component of the ocean surface reflectance, all of these factors would have the same effect on the GACP-derived AOT, thereby potentially making a part of it artificial. It is interesting that even the long-term AOT increase in this area seen in Fig. 2(c) may correlate with the contemporaneous wind speed increase revealed by Fig. 8(c) . Partial cloud contamination of "clear-sky" pixels used for aerosol retrievals is also a constant concern in this cloud-dominated region. Obviously, this remote area of the globe represents a challenging problem in terms of aerosol retrievals; the solution of this problem may require much more capable satellite instruments such as the Aerosol Polarimetry Sensor [51] or even a combination of passive and active sensors. The significant long-term AOT decrease over much of Europe is quite consistent with the supposed reversal from increasing to decreasing anthropogenic sulfur and black carbon emissions owing to the enactment of clean air legislation in many countries [46, 47, 52] . The enactment of similar legislation in the USA may have led to a similar decrease of AOT over much of the US territory [53] not necessarily revealed by the GACP data. The downfall of the local economies throughout the territory of the former Soviet Union had also resulted in a dramatic and well documented decrease of aerosol emissions and AOT [23, [54] [55] [56] . These three factors, coupled with long-range aerosol transport, may have had a significant global impact, potentially causing much of the long-term AOT trend revealed by Fig. 1. 
Conclusion
Based on the above limited discussion, we conclude that the long-term regional AOT trends revealed by Figs. 2-6 appear to be generally plausible. They are qualitatively consistent with both the results of extensive ground-based observations [23, [54] [55] [56] [57] and the recent emissioninventory assessments [46] [47] [48] 52] . To the extent that radiance calibration remains to be a potentially significant source of uncertainty, our regional results cannot prove unequivocally the existence of the relatively weak downward trend in the global and hemispherical AOT averages. However, their plausibility appears to increase the trustworthiness of the overall trend. An additional, albeit indirect, confirmation of the overall decreasing tendency in AOT comes from the widespread contemporaneous reversal from global solar dimming to global solar brightening [25, [27] [28] [29] 58] .
We thus believe that the totality of our results demonstrates the potential of satellite remote sensing to identify long-term aerosol trends. Nevertheless, more work still needs to be done in terms of both verification and potential improvement of the AVHRR radiance calibration and comparisons of GACP aerosols retrievals with potentially more accurate retrievals afforded by the newer satellite instruments [18] .
